The H 2 O and CO 2 content of cordierite was analysed in 34 samples from successive contact metamorphic zones of the Etive thermal aureole, Scotland, using Fouriertransform infrared spectroscopy (FTIR). The measured volatile contents were used to once free hydrous fluid is exhausted. All sillimanite zone samples record total volatile contents that are significantly lower than modelled H 2 O-CO 2 saturation surfaces,
poor rocks, reaction (1) resulted in the total consumption of quartz. Muscovite persisting to higher grade in such rocks underwent the dehydration reaction:
(2) which was responsible for the corundum isograd. The appearance of spinel in zone V suggests the KFMASH model univariant reaction:
(3) The sillimanite isograd is marked by the onset of direct replacement of andalusite by sillimanite:
(4) No fibrolitic sillimanite was detected in any of the samples studied by Droop & Moazzen (2007) .
Vernon (1979) has argued that fluid presence is necessary for the production of fibrolite.
The absence of fibrolite in the Sillimanite Zone is consistent with the likely absence of a discrete aqueous fluid at the highest grades of contact metamorphism (Droop & Moazzen, 2007) . Complete replacement of andalusite by sillimanite is achieved only within 5 m of the igneous contact.
Migmatites, with both agmatic and stromatic structures, first appear within quartz-present assemblages of the Spinel Zone. The mesosomes consist of cordierite-rich pelitic and semi-pelitic hornfels. The leucosomes generally form thin (<2 mm thick) foliationparallel K-feldspar + quartz segregations and discrete crosscutting, igneous-textured Kfeldspar + quartz + plagioclase veins; the latter are mostly <5 mm thick but some rare veins measure up to 12 mm thick. Both types of leucosome are characterized by blocky, sub-/euhedral K-feldspar crystals that are coarser-grained than the mesosomes and are separated by cuspate, interstitial patches of quartz (e.g. Vernon & Collins, 1988; Sawyer, 1999) . Pattison & Harte (1988) interpreted similar veins at Ballachulish to be crystallized segregations of anatectic melt. In the Etive aureole, vein leucosomes appear locally immediately upgrade of the spinel isograd, but foliation-parallel leucosomes first appear approximately 150 m into the spinel zone. The foliation-parallel leucosomes are interpreted as in situ partial melt segregations, and the vein leucosomes as mobilized melt. The part of zone V characterized by the development, in some rocks, of foliationparallel leucosomes will be referred to hereafter as the 'Upper Spinel Zone', whereas the part without foliation-parallel leucosomes will be referred to as the 'Lower Spinel Zone'. Droop & Moazzen (2007) suggested that the first melting reaction was the watersaturated, congruent reaction:
As all of these solid phases persist at higher grades it is therefore reasonable to assume that they were not consumed by the progression of reaction (5). The majority of metamorphic reactions up to the onset of partial melting are H 2 O-producing, dehydration reactions. The subsolidus system is thus likely to have been fluid-saturated, considering that the porosities of high-grade metamorphic rocks are typically very low (e.g. Rutter & Brodie, 1985) . The limiting phase is thus likely to have been aqueous fluid. If reaction (5) consumed all available water, subsequent melting reactions must have been water- (9) The fractured and breccia-like nature of many migmatitic rocks provides further evidence for the operation of fluid-absent melting reactions. Fluid-present melting reactions have a negative ΔV and are unable to cause rocks to fracture, unless there is an influx of externally derived water. On the other hand, fluid-absent melting reactions have a positive ΔV, and are able to induce fracturing (Clemens & Droop, 1998) . Droop & Treloar (1981) calculated pressures of contact metamorphism in the southern section of the thermal aureole using an internally consistent data set derived from published phase equilibria. Calculated pressures were found to lie within the range 1.0 to 2.0 kbar, corresponding to 3 to 6 km of overburden during the intrusion. Moazzen et al. 1967; Wood & Nassau, 1967; Cohen et al., 1977) . Goldman et al. (1977) Geiger, 2000) . The linear CO 2 molecule is aligned with its long axis perpendicular to the channels and parallel to the cordierite a-axis (Goldman et al., 1977; Armbruster & Bloss 1982) .
The spectra obtained from fresh cordierite are remarkably 'clean', with excellent peak-tobackground ratios and extremely flat baselines (Fig. 2) The water and CO 2 content of cordierite from numerous samples were determined by high-resolution FTIR, using the Bruker HS 102 machine at the Geo-institute in Bayreuth.
The HS 102 is set with an optical microscope, a GLOBAR mid-infrared source, a He-Ne laser-controlled movable mirror, a KBr-Ga beam splitter and an MCT detector. The spectra were collected in situ from approximately 100-μm-thick, double-polished thin sections. Two hundred scans were run per analysis using a beam diameter of 15-20 μm.
Blanks were run once per hour and backgrounds were uniformly subtracted as standard from all spectra. (Fig. 7) and the relative decrease in type II H 2 O is broadly consistent with an observed decrease in the total channel cation content as temperature increases (Fig. 8) .
CO 2 contents
The average CO 2 contents of cordierite range from 0.07 to 0.23 wt% ( Table 2 ). The 1 σ deviations for average CO 2 contents in some samples are significantly larger than those for water, suggesting that there may be significant inter-granular variation. Zoning profiles through large single grains suggest there is little intra-granular variation. Average CO 2 contents across the thermal aureole show only minor variation (Fig. 9 ). Samples MD9B, MD9A (pelitic xenoliths) and MM193Y (a sample from within 3 m of the igneous contact) yield CO 2 contents two to three times greater than samples from elsewhere in the aureole. As CO 2 could be quantified in this study and FTIR is relatively rapid and cheap in comparison with SIMS it seems logical to favour our approach.
Fluid Conditions and Cordierte Volatile Saturation Thermodynamic methods
While the majority of samples are predominantly H 2 O-bearing, small but significant amounts of CO 2 are present in all rocks. Cordierite that would be classed as 'fluid- uncertainties for activity values were calculated using standard error propagation techniques incorporating the error in the analytical population, thermodynamic data and estimated uncertainties of ±0.5 kbar and ±30 °C on the P-T conditions of metamorphism.
Measured H 2 O contents (n), expressed in terms of the number of molecules per formula unit (pfu) are compared with a modelled H 2 O-saturation surface which was calculated using the thermodynamic methods of Harley et al. (2002) for the P-T conditions relevant to this study.
Results

Andalusite + K-feldspar and Lower Spinel Zones
In the middle aureole, downgrade of the melt-in isograd, cordierite is characterized by consistently high H 2 O contents (1.36-1.46 wt%) and low CO 2 contents (0.07-0.11 wt%).
For estimated P-T conditions these volatile contents yield high aH 2 O (0.892-1.119) and low aCO 2 (0.080-0.147) values ( (Fig. 13 ). The only exception is the highest grade sample from this zone (MM144) whose total volatile contents imply that fluid-absent conditions were attained.
The Sillimanite Zone
The majority of Sillimanite Zone samples >30 m from the igneous contact yield low to moderate calculated aH 2 O (0.512-0.704) and typically low aCO 2 values (0.100-0.166) ( 
Melt-H 2 O contents
In high-grade melt-bearing samples, the H 2 O content of the coexisting granitic melt has been calculated (Table 4) (1996) .
Fluid activities and volatile saturation
In the And + Kfs Zone and the Lower Spinel Zone, down-grade of the melt-in isograd, cordierite is characterized by consistently high H 2 O contents (1.36-1.46 wt%) and low CO 2 contents (0.07-0.11 wt%). For estimated P-T conditions, these volatile contents yield high aH 2 O (within error of unity) and low aCO 2 values. The small CO 2 contents argue against any significant influx of externally derived CO 2 -rich fluids. Whereas the country rocks are non-graphite-bearing, it is reasonable to assume that a small but finite amount of organic material would have been present in the original sedimentary protolith.
The subsequent heating and oxidation of minor organic debris would have generated the small amounts of CO 2 present in the sample. (Fig. 15) .
Proceeding up-grade into the Sillimanite Zone, even quartz-absent rocks have begun to melt, as testified by igneous-textured cordierite-rich domains and segregations. A gradual decrease in the calculated aH 2 O occurs from the melt-in isograd to well within the Sillimanite Zone (Fig. 16) . If the water has been consumed by reaction ( Even considering the most unfavourable of conditions, by taking into account the maximum errors in the analysis and P-T, the mean total volatile content for each sample plots well below the total volatile saturation curve at the P-T conditions of formation. The good agreement between indirectly determined melt H 2 O contents and experimentally determined melt H 2 O contents (Johannes & Holtz, 1996) supports the conclusion that cordierite volatile contents can be used to assess the fluid conditions during metamorphism and partial melting, at least in a relatively simple thermal aureole, in which both prograde and retrograde metamorphism can be expected to have been rapid. Furthermore, the internally consistent cordierite volatile data and melt H 2 O data support the conclusion that the independent P-T estimates applied in this study were valid. In situ FTIR spectroscopy provides a valuable, relatively cheap and rapid tool for determining H 2 O and CO 2 contents in cordierite.
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Grid references and peak-metamorphic mineral assemblages of the samples studied. III, And + Kfs zone; IV, Corundum Zone; V, Spinel Zone; VI, Sillimanite Zone; m, foliation-parallel leucosomes (in situ melt) present;
x, xenolith in Quarry Diorite. Mineral abbreviations after Kretz (1983) . 
